Abstract-A high-speed induction motor and soft-switching electronic drive are selected to transfer energy between a flywheel and the other power components of a prototype hybrid locomotive power system. The motor-generator operates in direct coupling at 15,000 RPM with the composite flywheel. The motor drive rating is 2MW (2600HP) over the operating frequency range of 125 to 250 Hz. The power-frequency range and harmonic heating considerations have led to an auxiliary resonant commutated pole (ARCP) soft-switching design. The drive and motor have been tested to nearly the full speed range. Unique requirements of energy storage and transfer are also presented.
I. INTRODUCTION
A hybrid locomotive propulsion system has been developed [1] [2] in prototype form using high speed machines, in the 12,000 RPM to 15,000 RPM range, for system size & mass reduction. The project is directed towards the demonstration of enabling technologies for the incremental implementation of high-speed rail transportation. This paper presents the motor and drive developed for the interface of the flywheel to the turbine-alternator and traction drive systems. Energy transfer is conducted by means of the common DC bus. The energy stored (100 kWH), and power transfer rate (2 MW) place the reported machine and drive technology in the range of interest to small utility, ships' power, and other particularly cyclic power system loads [3] [4] .
Prior technology
The flywheel battery (FWB) is a one-terminal energy storage system (like the familiar chemical battery storage system) having a single power connection to the DC bus. A control connection provides the command signal for power flow, either into or out of the storage media ( Figure 1) . Internally, the FWB is composed of the flywheel mass ( Figure  2 ), motor-generator, inverter, and the controls and auxiliaries to have it function to sink, store, and source energy as needed by the larger system. The FWB can be very compact when using a high rotational speed to store energy. This comes, however, at a cost of a higher operating frequency for its drive motor. Consequently, a significant enabling development of the current project is the high speed motor and electronic drive.
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II. THE CHOSEN TOPOLOGY
The Motor-Generator A two-pole induction motor design was selected to limit the drive power frequency to 250 Hz at the flywheel's top speed of 15,000 RPM. By operating at high, direct-drive speeds the motor is physically smaller, however, this feature also affects its thermal capacity. Figure 3 is a view of the motor-generator assembled and mounted to the floor for no-load tests. The two air duct seen are routed to the suction side of redundant cooling air blowers. Also seen are addition hoses for the stator oil cooling circuit and to service the machines bearing system. There are 6 power terminals that bring out each end of the individual phase windings (2 in parallel for each phase). The 12 power cables are terminated at the inverter output to form a delta armature hook-up. The flywheel and motor are assembled with a vertical shaft orientation to serve its mobile application (locomotive power) in a gimbal mount. The stator case cylinder measures 0.89 m (35 in) tall by 0.84 m (33 in) in diameter.
a continuous cycling between 7,500 rpm and 15,000 rpm and with a temperature rise of 180°C. The motor terminal ratings are 1100 V-rms (line-to-line) at 200 Hz and 1200 A-rms. The slip at full torque is 0.5%. The motor operates within a torque limit through 200 Hz (12,000 rpm) and a power limit between there and 250 Hz (15,000 rpm). At speeds below 200 Hz the 2-MW rating would be time limited. However, in a flywheel application the motor never operates at a constant speed and power: power flow necessarily indicates speed change in the flywheel/motor combination. The high speed rotor for this machine can be seen in Figure  4 and Figure 5 shows the assembled cut-away view with the various components identified. Special consideration was given to the lamination and squirrel-cage conductor The ARCP Inverter
Because of the motor heating considerations, a variable speed motor drive was sought with a high switching frequency and an under-modulated PWM output over the full frequency and power range. The inverter operates in two quadrants (motoring and generating in one spin direction), and includes a chopper-control for a resistive load to safely dissipate the flywheel energy. Because it is an energy storage device, the flywheel has a high rotational moment of inertia (about 389 kg.m2) as compared to its power rating (2 MW). Therefore, the flywheel energy transfer through the motor is torquecontrolled: i.e., the power delivered or absorbed is defined by torque at the current rotational speed. The flywheel motor [7] has been designed for a base voltage of 1100 V-rms with a nominal dc link voltage of 1960 V-dc. This allows full operation within the linear range of the amplitude modulation index (ma < 1.0), avoiding harmonic voltage distortions due to over-modulation.
A switching frequency of 4 kHz was chosen to exceed 15 times the power frequency over the full operating range. The switching frequency, while fixed, can be changed during operation to optimize the suppression of further harmonic distortion due to unfavorable frequency modulation ratios (mf).
In order to conduct the required current at this switching frequency, it was determined to use a soft-switching topology, specifically, the auxiliary resonant commutated pole (ARCP) topology of quasi-resonant switching [5] . As such, this drive system would be among the largest soft-switching motor drives built to date [6] .
A load resistor circuit is included to provide an energy dump for the flywheel upon shutdown. The resistor switch is designed both as a hard-switched circuit, using hysterisis control for over voltage and voltage balance correction, and also with a 500 Hz PWM switching for variable load (on demand) control. This circuit was sized for an existing locomotive braking resistor which is rated for 1.3-MW continuous.
The ARCP design uses a switched auxiliary inductor leg on each motor phase leg to cause a resonance with the capacitance across the main switch ( Figure 6 ). This resonant circuit brings the voltage across the switch to zero before closing. Thus, the auxiliary (inductor) switch is turned on at will, having a limited turn-on di/dt, and is controlled to turn off at the following current zero. Conversely, the main inverter switches are turned on at voltage zero and turned off at will, having the dv/dt controlled by directly connected capacitors.
Si,< Dl The ARCP drive relies on the switch rhythm to be in play, so the initial conditions do not allow the first main switch closure. Some provision must be made to short the first main switch to operate in each of the three phase legs. To accomplish this, a smaller IGBT circuit was built, with a series resistance, to discharge the lower phase leg switch capacitors just before an initial gate signal is allowed to complete. In this way the normal sensor control becomes valid, and detects the required zero voltage at the switch before allowing the gate signal.
Each switch group in the six main switch positions is composed of a 3-parallel by 2-in-series array for the desired voltage and current ratings. The auxiliary switch positions are composed of 3-parallel legs per phase, each with two IGBTs, counterposed in series with each other and an iron-core reactor. In all, the ARCP inverter uses 54 IGBTs to fill nine switch positions. The selected IGBTs are rated 1700 V and 1200 A, each. The inverter power electronics enclosure is seen in Figure 7 . The water cooling system components are external.
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The controller
Within the electronic motor drive it was decided to leverage a commercial variable frequency drive (VFD) control board to provide the basic six-gate switching sequence and motor feedback. The switching signals are captured in a field programmable gate array (FPGA) which has been programmed to transform the six-switch sequence to the nineswitch requirements for the ARCP configuration. The output of the FPGA is conveyed by optical fibers to the gate drive boards, which gate several IGBTs in a switch-group after a verified voltage zero is detected across the main switch positions. The FPGA also handles the drive initiation logic to operate the discharge switch in anticipation of the initial phase switching events.
The drive is equipped with a water cooling system and uninteffuptible control power. These ancillary components are started and diagnosed in sequence by the power converter supervisory control. This controller also interfaces with external power demands, translating them to flywheel torque commands, and feeds status and alarms up to the power system controller. The flywheel status includes operating bounds that change, in real time, depending on the current flywheel speed.
III. TESTING & RESULTS
The initial VFD build was bid and fabricated by a system manufacturer in November 2003. Delivery was thwarted by the manufacturer's cost overruns and early test failures. Under the purchase settlement, the equipment and design were transferred to our laboratory for continued development and testing by researchers at the Center for Electromechanics. After a period of circuit study and tests, the signal handling logic and some hardware were revised. These changes are discussed in some detail in a companion paper [8] . The inverter has now been tested with inductor loads and with the flywheel's induction motor-generator in a no-load installation. For these initial tests the DC bus is charged from the building's 480 V, 3-phase supply, limited to 400 A-rms. This is rectified for a 680 V-dc bus voltage. The prime power for the application is to be a turbine-alternator, which rectified, will supply the 1960 V-dc to the DC-bus. The initial tests at 680 V-dc explored the operating limitations imposed by the reduced (35%) bus voltage.
Loss analysis for the inverter and the motor show the contributions of fundamental and harmonic currents, windage losses, core and stray losses. Test results measuring the friction and windage losses and fundamental 12R losses correlate well with predicted estimates. The motor core and harmonic losses, however, were measured at 2.85 times the expected value. The referenced paper [9] will present more detailed analyses of the motor and inverter losses and the discrepancy will be studied further as testing continues with applied flywheel loads. Line frequency motors have been seen to exhibit 2.0 to 2.5 times calculated core losses, as shown in [10] , and the harmonic contributions will account for some portion of the additional loss. As of this writing, the motor is being connected to a high voltage and higher prime power source for the next phase of testing.
The performance of the inverter-motor combination has been very satisfactory within the bounds of performance range limitations imposed by the no-load and reduced bus voltage conditions. Typical waveforms at the inverter switches are shown in Figure 8 . Except for the voltage ringing across the main switches upon turn-off, these waveforms follow very closely the theoretical predictions [5] . One can see in the plot the dc rail voltage at ± 680 V-dc, when the switches are open. The dc voltage level will affect the di/dt and peak current attainable in the auxiliary commutation leg. Note that the plotted auxiliary leg current peaks at about 650 A in Figure 8 . In this way, the DC bus level imposes a limit on the ARCP drive with respect to the highest speed (frequency) and/or motor current. Both ranges will expand with the next phase of testing at ± 2 kV on the bus. Mechanically, the motor has also performed very well, exhibiting excessive vibrations only above 13,300 RPM. This vibration mode is believed to be caused by the temporary base structure used to floor mount the motor for testing. The vibration information observed has resulted in close design analysis and further stiffening of the mount collar which will join the motor to the flywheel.
As of this writing, the flywheel is being readied for final assembly and the generator and rectifier that will supply the DC bus power are undergoing their final tests. Full system testing for the motor, ARCP drive, and flywheel is expected to begin in January 2007.
IV. CONSIDERATIONS FOR FUTURE WORK
The fabrication and testing of this system thus far has suggested a few changes that the authors can recommend for future work.
In the inverter, the use of a commercial hard-switching controller has required more compensating circuitry than anticipated. A custom PWM source can be made to coordinate the minimum pulse width with the maximum expected resonant commutation cycle. Additionally, the soft-switching PWM does not require the dead time between the gating of upper switches and lower switches in the same leg. Careful packaging design attention can improve the peak auxiliary leg current capability, thereby extending its load carrying capability. Addition design consideration can improve packaging to reduce size and weight, as it is estimated that the size of the present converter could be reduced by as much as 40% by re-packaging of the existing components.
As for the induction motor-generator, the issue of excessive core losses must be addressed. Although this phenomenon is common in the machine manufacturing industry [10] , it becomes vital in high speed machines where high frequencies and small size combine to exacerbate the problem. This will likely involve attention to the processing of the steel laminations and the stack assembly, in line with research already ongoing at the Center for Electromechanics of the University of Texas [11] .
